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(54) Eletrophoretic switching device with liquid crystailine dispersion medium and method of 
producing the same 



(57) An optical switching device (10) includes two 
parallel substrates (11,12) having at least a pair of elec- 
trodes (14,15) on mutually opposing inner surfaces 
thereof or on one of the inner surfaces. A liquid crystal- 
line material layer (1 3) Is sealed between the substrates. 
The liquid crystalline material layer (13) contains an in- 
soluble light-control medium (1 6) having an outer diam- 
eter smaller than the thickness of the liquid crystalline 
material layer. When an electric field is applied between 



the electrodes (14,15), the light-control medium (16) 
moves to form a region in which the light-control medium 
is densely dispersed and a region In which the light-con- 
trol medium is sparsely dispersed, thereby producing a 
transmittance difference to effect light control. Because 
the loss of llghttransmitting through the optical switching 
device is extremely small, high-contrast and extremely 
bright display can be obtained without using a polarizing 
plate. 
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Description 

BACKGROUND OF THE INVENTiON 

[0001] The present invention relates to an optical 

switching device for effecting "brlghtTdark" control of 
light by performing light control or light modulation using 
an electric signal, which is applicable to optical articles 
that utilize "bright" and "dark" of light, such as electronic 
displays, toys for children, diaphragms of cameras, light 
quantity controllers for electronic flashes, and writing 
light sources. More particularly, the present invention re- 
lates to an optical switching device, e.g. a display or a 
light quantity controller, which has an optical switching 
element fomned by dispersing fine particles of a light- 
control medium in a dispersion medium consisting es- 
sentially of a liquid crystalline material, wherein an elec- 
tric signal is applied to the optical switching element to 
move the light-control medium, thereby effecting light 
control. The present invention also relates to a method 
of producing the optical switching device. 
[0002] As optical switching devices, liquid crystal dis- 
play devices, which are non-luminescent electronic dis- 
plays, have heretofore been used in various fields. The 
liquid crystal display devices are capable of performing 
optical switching between "bright" and "dark" states by 
controlling the polarized state of incident light according 
to the difference In the alignment state of the liquid crys- 
tal molecules, and used in various applications, such as 
liquid crystal shutters, in addition to liquid crystal dis- 
plays. As other types of electronic displays, electrochro- 
mic displays, electrophoretic displays, twisted ball dis- 
plays, etc. are known. 

[0003] Many of liquid crystal display devices have a 
structure In which a pair of polarizing plates are dis- 
posed outside a liquid crystal layer. Accordingly, such 
liquid crystal display devices have the basic problem 
that there Is a 50% loss of incident light due to the po- 
larizing plates, although the display devices provide 
high contrast. 

[0004] There are liquid crystal display devices that 
need no polarizing plate, i.e. PC-GH (Phase Change 
mode Guest-Host) liquid crystal displays that utilize ab- 
sorption by dyes, and PD-LC (Polymer Dispersed Liquid 
Crystal) displays utilizing the scattering properties of liq- 
uid crystal. The PC-GH liquid crystal displays can pro- 
vide bright display because no polarizing plate is used, 
but suffer from the problem that the contrast is unfavo- 
rably low. The contrast can be improved by increasing 
the amount of dichroic dye added to the liquid crystal 
material. In doing so, however, the transmittance of the 
cells Is reduced to a considerable extent, resulting in un- 
favorably dark display The PD-LC displays involve the 
problem that it is basically difficult to obtain black display 
satisfactorily Consequently, these liquid crystal display 
devices using no polarizing plate cannot provide high 
contrast. 

[0005] The electrochromic displays are capable of ef- 



fecting bright and natural reflective display, although it 
is difficult to perfonm transnhissive display with these de- 
vices. However, the electrochromic displays suffers 
from problems such as low contrast, a short lifetime and 
5 a slow response. 

[0006] The electrophoretic displays and the twisted 
ball displays suffer low contrast and require a relatively 
high driving voltage. Further, these displays cannot per- 
fomi transmlssive display. 

10 

SUMMARY OF THE INVENTION 

[0007] The present Invention was made as a result of 
conducting exhaustive studies to attain an optical 
^5 switching device capable of solving the above-de- 
scribed problems associated with the prior art. 
[0008] Accordingly, an object of the present invention 
is to provide a novel optical switching device capable of 
performing both transmissive display and reflective dis- 
play with high contrast by using a liquid crystalline ma- 
terial. 

[0009] Another object of the present invention is to 
provide a method of producing the above-described op- 
tical switching device. 

[001 0] According to a first aspect of the present inven- 
tion, there is provided an optical switching device includ- 
ing two substrates placed parallel to each other. The 
substrates have at least a pair of electrodes on mutually 
opposing inner surfaces thereof or on one of the inner 
surfaces. A liquid crystalline material layer is sealed be- 
tween the substrates. The liquid crystalline material lay- 
er contains an insoluble light-control medium having an 
outer diameter smaller than the thickness of the liquid 
crystalline material layer. When an electric field Is ap- 
plied between the electrodes, the light-control medium 
moves to form a region In which the light-control medium 
is densely dispersed and a region in which the light-con- 
trol medium Is sparsely dispersed, thereby producing a 
transmittance difference to effect light control. 
[0011] According to a second aspect of the present 
invention, the liquid crystalline material layer in the op- 
tical switching device according to the first aspect Is a 
liquid crystal layer formed by dispersing less than 50 
wt% of a light-control medium in a liquid crystal material. 
[0012] According to a third aspect of the present In- 
vention, the liquid crystal material In the optical switch- 
ing device according to the second aspect has negative 
dielectric anisotropy, and the molecules of the liquid 
crystal material are aligned perpendicular to the inner 
surfaces of the substrates. 

[0013] Thus, according to the first aspect of the 
present invention, a non-luminescent optical switching 
device with a minimal loss of external light is provided. 
[0014] According to the second aspect of the present 
invention, It is possible to obtain an optical switching de- 
vice providing a distinct difference between "bright" and 
"dark" states. 

[0015] According to the third aspect of the present In- 
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vention, it is possible to provide an optical switching de- 
vice capable of moving the light-control mediunn with an 
even lower electric field, 

[0016] According to a fourth aspect of the present in- 
vention, there is provided an optical switching device ac- s 
cording to any one of the first to third aspects, wherein 
the two substrates are light-transnnitting substrates, and 
the light-control nnedlum is light-blocking fine particles. 
The liquid crystalline material layer is a liquid crystal lay- 
er fomied by dispersing less than 50 wt% of light-block- io 
ing fine particles In a liquid crystal material. 
[0017] Thus, It Is possible to provide a bright trans- 
mission type optical switching device further superior in 
contrast and exhibiting high transmlttance characteris- 
tics and hence capable of minimizing the loss of incident 
light. 

[001 8] According to a fifth aspect of the present Inven- 
tion, there is provided an optical switching device ac- 
cording to any one of the first to third aspects, wherein 
one of the two substrates is a light-transmitting sub- 20 
strate, and the other substrate is a non-light transmitting 
substrate. The light-control medium is fine particles dif- 
ferent In color from the non-light transmitting substrate. 
[001 9] Thus, It is possible to provide a bright reflection 
type optical switching device further superior in contrast 25 
and exhibiting high reflectance characteristics and 
hence capable of minimizing the loss of incident light. 
[0020] According to a sixth aspect of the present In- 
vention, there is provided an optical switching device ac- 
cording to any one of the second to fifth aspects, where- 30 
in the light-control medium moves In the liquid crystalline 
material layer with movement of the liquid crystal mate- 
rial induced by application of an electric field with a fre- 
quency of not higher than 500 Hz to the liquid crystalline 
material layer. 35 
[0021 ] Thus, it Is possible to provide an optical switch- 
ing device in which a flow is effectively induced in the 
liquid crystal material to move the light-control medium. 
[0022] According to a seventh aspect of the present 
Invention, there Is provided a method of producing an 40 
optical switching device including two substrates placed 
parallel to each other. The substrates have at least a 
pair of electrodes on mutually opposing inner surfaces 
thereof or on one of the inner surfaces. A liquid crystal- 
line material layer is sealed between the substrates. The 
liquid crystalline material layer contains an insoluble 
light-control medium. The method includes the step of 
preparing a pair of substrates having electrode layers 
each formed in a pattern of predetermined configura- 
tion. The method further Includes the steps of dispersing 50 
a light-control medium having a predetermined outer di- 
ameter in a liquid crystalline material, and sandwiching 
the liquid crystalline material containing the light-control 
medium between the pair of substrates having the elec- 
trode layers and sealing the peripheries of the sub- 55 
strates to seal in the liquid crystalline material. 
[0023] According to an eighth aspect of the present 
invention, the second step in the optical switching de- 



vice producing method according to the seventh aspect 
Includes the step of mixing the light-control medium Into 
the liquid crystalline material and then dispersing the 
light-control medium under application of ultrasonic 
waves. 

[0024] The above and other objects, features and ad- 
vantages of the present Invention wilt become more ap- 
parent from the following description of the preferred 
embodiments thereof, taken in conjunction with the ac- 
companying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] 

Fig. 1 is a schematic sectional view illustrating an 
embodiment of the optical switching device accord- 
ing to the present Invention. 
Fig. 2 Is an explanatory drawing showing the results 
of microscopic observation of the optical switching 
device shown in Fig. 1 , in which: part (a) is a phot- 
omicrograph showing the state of the optical switch- 
ing device as produced; part (b) Is a photomicro- 
graph showing the state of the optical switching de- 
vice 2 seconds after the application of a plus offset 
rectangular wave to the optical switching device in 
the state shown in part (a); part (c) Is a photomicro- 
graph showing the state of the optical switching de- 
vice 3 seconds afterthe application of the same plus 
offset rectangular wave to the optical switching de- 
vice in the state shown in part (b); and part (d) is a 
plan view schematically showing the state shown in 
part (c). 

Fig. 3 is an explanatory drawing showing the results 
of microscopic observation of the optical switching 
device when an electric field opposite in polarity to 
the plus offset rectangular wave is applied to the 
optical switching device shown in Fig. 2, in which: 
part (a) is a photomicrograph showing the state of 
the optical switching device afterthe application of 
the plus offset rectangular wave, which is the same 
as part (c) of Fig. 2; and part (b) is a photomicro- 
graph showing the state of the optical switching de- 
vtee 5 seconds afterthe application of the minus off- 
set rectangular wave to the optical switching device 
in the state shown in part (a) of Fig. 3. 
Fig. 4 is a schematic sectional view Illustrating an- 
other embodiment of the optical switching device 
according to the present invention. 
Fig. 5 is a graph showing the change with time of 
the reflectance and contrast of the optical switching 
device shown In Fig. 4. 

Fig. 6 is a graph showing the relationship between 
the reflectance and viewing angle of the optical 
switching device shown in Fig. 4. 
Fig. 7 is a graph showing the relationship between 
the contrast and viewing angle of the optical switch- 
ing device shown In Fig. 4. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0026] Preferred embodiments of the present inven- 
tion will be described below in detail with reference to 

Figs. 1 to 7. 

[0027] Fig. 1 shows the arrangement of an embodi- 
ment of the optical switching device according to the 
present invention as used to perfonn transmissive dis- 
play. 

[0028] In the figure, an optical switching device 1 0 In- 
cludes a pair of transparent substrates 11 and 12. A liq- 
uid crystalline material layer 13 is sealed between the 
substrates 11 and 12. An electrode 14 is fomied on the 
inner surface of one substrate (i.e. the upper substrate 
in the illustrated example) 11 . Another electrode 15 is 
formed on the inner surface of the other substrate (i.e. 
the lower substrate) 12. 

[0029] A backlight source 20 is provided at the rear of 
the optical switching device 10 (i.e. at the lower side of 
the lower substrate 12 in the illustrated example). Light 
emitted from the backlight source 20 is visible through 
the optical switching device 10. 
[0030] The substrates 11 and 12 are made of a light- 
transmitting material, e.g. quartz, glass, or plastic ma- 
terial. The substrates 11 and 12 have respective elec- 
trodes 14 and 15 fomned in predetermined patterns on 
the inner surfaces thereof. 

[0031] The electrodes 14 and 15 are transparent elec- 
trodes, e.g. !T0 (Indium Tin Oxide) electrodes. The elec- 
trodes 14 and 15 are provided on the respective inner 
surfaces of the substrates 11 and 12 in such a manner 
that no parts of the electrodes 14 and 15 face directly 
opposite to each other. That is, the electrodes 14 and 
1 5 are arranged so as not to overlap each other. The 
electrodes 14 and 15 are connected with an external 
power supply (not shown) so that an electric field can 
be applied to the liquid crystalline material layer 13. 
[0032] The liquid crystalline material layer 1 3 Is sand- 
wiched between the substrates 1 1 and 1 2 and sealed at 
the periphery thereof with a sealing material 1 7. The her- 
metically sealed liquid crystalline material layer 13 has 
a finely divided light-control medium 1 6 mixed therein in 
the fonn of dispersed particles. The thickness of the liq- 
uid crystalline material layer 13 is preferably selected in 
the range of from 2 to 300 |im. The greater the thick- 
ness of the liquid crystalline material layer 1 3, the higher 
the contrast becomes. However, if the liquid crystalline 
material layer 1 3 is excessively thick, it becomes difficult 
to obtain well-ordered liquid crystal molecular align- 
ment. Accordingly, it is even more desirable that the 
thickness of the liquid crystalline material layer 13 be 
set at not more than 1 00 ^im. 
[0033] The inner surfaces of the substrates 1 1 and 1 2 
may be fomned with respective alignment layers (not 
shown). By subjecting the alignment layers to alignment 
treatment, the liquid crystalline material layer 13 can be 
readily controlled to a predetemnined alignment state. 



[0034] As the liquid crystalline material layer 13. for 
example, a nematic liquid crystal material with negative 
dielectric anisotropy is usable. As the light-control me- 
dium 16, It is possible to use various metallic oxides, 

5 such as TiOg, Si02 and ZnO, and organic substances 
such as styrene balls, which are finely divided to have 
a particle size of from 5 p.m to 10 p.m, for example. It is 
preferable that the light-control medium 16 bo added in 
a proper quantity within the range of from 0.1 to 60 wt% 

10 with respect to the liquid crystalline material and dis- 
persed under application of ultrasonic vibration or the 
like. In the case of transmission type display, the light- 
control medium 1 6 is preferably one that presents black 
color or the like with a view to providing high contrast. 

15 However, it is also possible to use pigments of other 
colors for the light-control medium 16. 
[0035] It should be noted that the sealing material 1 7 
contains spacers 17a made of glass, plastics or the like 
and having a predetemnined outer diameter to maintain 

20 the thickness of the liquid crystalline material layer 13. 
The spacers 1 7a have a larger outer diameter than that 
of the light-control medium 16. 
[0036] The optical switching device 10 according to 
the embodiment of the present invention, an'anged as 

25 stated above, operates as follows. 

[0037] When a positive or negative electric field Is ap- 
plied between the electrodes 14 and 15, the orientation 
of the liquidcrystal molecules in the liquid crystalline ma- 
terial layer 13 changes In accordance with the applied 

30 electric field. At this time, the light-control medium 16 
dispersedly mixed in the liquid crystalline material layer 
13 moves, together with the liquid crystal molecules, in 
a dispersion medium consisting essentially of the liquid 
crystalline material layer 13. This causes a change in 

35 the distribution density of the light-control medium 1 6 in 
the liquid crystalline material layer 13. 
[0038] Accordingly, when light emitted from the back- 
light source 20 enters the optical switching device 10, 
the incident light Is blocked by the light-control medium 

40 1 6 In a region where the distribution density of the light- 
control medium 16 is high. In a region where the distri- 
bution density of the light-control medium 16 is reduced 
by the application of the electric field, the incident light 
passes through the liquid crystalline material layer 13 

45 without being blocked by the light-control medium 16. 
Thus, it is possible to perform "darkTbrighf switch ac- 
tion according to whether the light-control medium 1 6 Is 
present or not (I.e. whether the distribution density Is 
high or low). 

50 [0039] The present invention will be described below 
by way of specific examples. 

Example 1 : 

55 [0040] A pair of glass substrates 11 and 12 with a 
thickness of 1.1 mm were prepared, which were each 
fomned with an ITO layer with a thickness of about 0.2 
^m. The ITO layers on the glass substrates 11 and 12 
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were subjected to linear patterning to form electrodes 
14 and 15. The surfaces of the electrodes 14 and 15 
were coated with respective alignment layers (not 
shown) for vertical alignment made of a side-chain poly- 
imlde film so that a high pretilt angle would be obtained, s 
Then, the alignment layers were subjected to alignment 
treatment. It should be noted that publicly known align- 
ment techniques are usable for the alignment treatment. 
Therefore, it is possible to subject the alignment layers 
to non-alignment treatment, rubbing, optical alignment 
treatment, etc. In this example, however, the alignment 
layers were subjected to optical alignment treatment so 
that the direction of orientation of the liquid crystal mol- 
ecules had a pretilt angle of 85 degrees with respect to 
the substrate surface. Further, the periphery of one sub- 
strate was coated with a sealing material 1 7 mixed with 
glass spacers 1 7a having an outer diameter of 15 ^im. 
[0041] IVIeanwhile, a liquid crystal material with nega- 
tive dielectric anisotropy (Ae =2.0) was prepared. 10 
wt% of styrene balls with a particle size of 5 to 10 mi- 
crons that had been colored with a black pigment was 
added to the liquid crystal material as a light-control me- 
dium 16 and unifonnly dispersed therein under applica- 
tion of ultrasonic vibration. 

[0042] Next, the liquid crystal material having the 

light-control medium 16 uniformly dispersed therein as 
stated above was dropped on the pair of the glass sub- 
strates 1 1 and 1 2. Then, the glass substrates 1 1 and 1 2 
were laminated in such a manner that the ITO electrode 
14 on the glass substrate 11 and the ITO electrode 15 
on the glass substrate 12 were located on the mutually 
opposing inner surfaces of the glass substrates 11 and 
12. The glass substrates 11 and 12 were secured to- 
gether with the sealing material 17. 
[0043] In this case, as shown in Fig. 1 , the electrodes 
14 and 15 are arranged such that the electrode layers 
do not face opposite to each other in the direction of the 
line normal to each substrate, and a distance of 200 [im 
is provided between the mutually opposing inner ends 
1 4e and 1 5e of the electrodes 1 4 and 1 5 so that a non- 
electrode region A where no electrode layer is formed 
is provided between the two electrodes 14 and 15. 
[0044] The optical switching device 10 produced as 
stated above has a structure such as that shown sche- 
matically in Fig. 1 . That is, a liquid crystal layer 13 con- 
taining black styrene bails 1 6 is sandwiched between a 
pair of glass substrates 11 and 12 having ITO transpar- 
ent electrodes 14 and 15 on their mutually opposing in- 
ner surfaces. The optical switching device 10 is placed 
in front of a backlight source 20 (i.e. directly above the 
backlight source 20 in Fig. 1). 
[0045] Although the thickness of the liquid crystal lay- 
er 13 was set at 15 ^m by the glass spacers mixed In 
the sealing material 1 7, there was a thickness difference 
as large as 5 |im between relatively thick and thin re- 
gions of the liquid crystal layer 1 3. It was feared that the 
optical switching device 1 0 might have a large variation 
in transmittance owing to the thickness deviation of the 



liquid crystal layer 13. However, the difference in trans- 
mittance between the regions having the thickness de- 
viation was less than 1%. Thus, the thickness deviation 
of the liquid crystal layer 13 had substantially no effect 
on the transmittance. 

[0046] Fig. 2 shows photomicrographs of an optical 
switching part (light-control part) of the optical switching 
device 10 produced as stated above. Part (a) of Fig. 2 
shows the optical switching part of the optical switching 
device 10 before the application of an electric field to 
the liquid crystal layer 13. As will be understood from 
the figure, the black styrene balls 16, which constitute a 
light-control medium, are uniformly dispersed through- 
out the liquid crystal layer 13. That is, the black styrene 
balls 1 6 are dispersed in a state where there Is no large 
difference in the black styrene ball distribution density 
between any regions of the liquid crystal layer 1 3. More- 
over, the black styrene balls 16 are densely packed in 
the liquid crystal layer 13. The transmittance of the op- 
tical switching device 1 0 in this state was about 3%. 
[0047] Next, an electric field was applied to the liquid 
crystal layer 13 of the optical switching device 10 from 
an external power supply (not shown). The electric field 
was applied by using a plus offset rectangular wave 21 
obtained by applying an offset voltage so that a DC com- 
ponent was superimposed thereon. The voltage wave- 
fomi used in this example had a frequency of 80 Hz. The 
offset voltage was 50 V, and the peak-to-peak voltage 
was 1 00 V. 

[0048] Two seconds after the application of the plus 
offset rectangular wave 21 , a white display portion W of 
the order of 20 microns in size appeared as shown in 
part (b) of Fig. 2. The transmittance of the white display 
portion W was not less than 90%. 
[0049] The same plus offset rectangular wave 21 was 
further applied continuously. Three seconds after the 
application of the plus offset rectangular wave 21 , the 
white display portion W increased to a size not less than 
50 microns as shown in part (c) of Fig. 2. It should be 
noted that the transmittance of this white display portion 
W was also not less than 90%, whereas the transmit- 
tance of the black display portion B was about 3%. Ac- 
cordingly, the white display portion W transmitted not 
less than 90% of light entering the optical switching de- 
vice 10 from the backlight source 20 and thus provided 
bright display. The contrast of the white display portion 
W with respect to the black display portion B was ap- 
proximately 30 (=90/3). Thus, it was possible to provide 
display with high contrast. 

[0050] When the plus offset rectangular wave 21 was 
applied to the ITO electrode 15 of the lower substrate 
12 of the optical switching device 10 in a state where 
the ITO electrode 14 of the upper substrate 11 was 
grounded, it was observed with a microscope that the 
black styrene balls 16 appeared to be moving with the 
flow of the liquid crystal layer 1 3 serving as a dispersion 
medium. 

[0051 ] The mechanism of the movement of the black 
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styrene bails 1 6 has not yet become clear. However, as 
a result of various behavior observations, it is supposed 
that the movement of the biacl< styrene balls 16 is 
caused by the flow of the liquid crystal relative to the 
electric field. 

[0052] The liquid crystal flow phenomenon is also ob- 
servable in publicly known liquid crystal display devices. 
In a vertical alignment ECB (Electrically Controlled Bi- 
refringence) mode liquid crystal display device, in par- 
ticular, when the device is driven by using a signal in a 
low-frequency region (of the order of 1 00 Hz or less) in 
a 60 Hz drive system, for example, the liquid crystal flow 
phenomenon is remarkably observable. The liquid crys- 
tal flow phenomenon in the low-frequency region is a 
phenomenon in which the display on the liquid crystal 
display device Is observed as If It were flowing wavily. 
Such a phenomenon is a defect In the liquid crystal dis- 
play device. Therefore, it is rare that the liquid crystal 
flow phenomenon Is observed in ordinary products. 
[0053] It is sumriised that the liquid crystal flow phe- 
nomenon is one of the reasons why the black styrene 
balls 1 6 appear to be moving with the flow of the liquid 
crystal layer 13 serving as a dispersion medium. It Is 
supposed that the liquid crystal flow phenomenon takes 
part in the movement of the black styrene balls 1 6 con- 
tained in the liquid crystal layer 1 3 as a light-control me- 
dium with the flow of the liquid crystal molecules. 
[0054] The black styrene balls 1 6 used as a light-con- 
trot medium in this example are a material having a po- 
larity. The black styrene balls 16 have a weak minus 
charge. This is also assumed to be concerned with the 
movement of the black styrene balls 16, However, it is 
supposed according to the examination made by the In- 
ventor of this application that the polarity of the fine par- 
ticles is not an essential cause of the movement thereof. 
The reason for this is that the speed of movement of the 
black styrene balls 1 6 in the optical switching device 1 0 
of this example is higher than the speed of electro- 
phoretic movement of fine particles similar to but larger 
in electric charge quantity than the black styrene balls 
16.lt can h ardly be supposed that the black styrene balls 
16 having a weak minus charge can move as far as 
about 20 |xm in 2 seconds. 

[0055] It will also be understood from parts (b) and (c) 
of Fig. 2 that in the optical switching device 10 of this 
example, the black styrene balls 1 6 move not only in the 
non-electrode region A but also in a region inside the 
ITO electrode, although the movement in this region is 
as slight as about 10 microns from the electrode end 
14e, whereby a white display portion W1 is produced. It 
should be noted that part (d) of Fig. 2 shows schemati- 
cally the state of the black styrene balls 1 6 in part (c) of 
Fig. 2. 

[0056] It seems to be probable that the white display 
portion W1 is produced under the Influence of an oblique 
electric field. In this example, the ITO electrode 14 
formed on the upper substrate 11 and the ITO electrode 
1 5 on the lower substrate 1 2 are positioned in a diagonal 



relation to each other. Therefore, it is supposed that an 
oblique electric field is applied to a region inside the 
electrode, and the white display portion W1 is produced 
under the influence of the oblique electric field. 

5 [0057] It should be noted that the range in which the 
oblique electric field exerts an influence on the black sty- 
rene balls 1 6 nearly corelates with the thickness of the 
liquid crystal layer 13. There Is a tendency for the range 
of the influence of the oblique electric field to increase 

10 as the thickness of the liquid crystal layer 1 3 increases. 
More specifically, the range in which the light-control 
medium 1 6 is movable under the influence of the oblique 
electric field extends deep inside the electrode as far as 
a position approximately corresponding to the thickness 

15 of the liquid crystal layer 13. Therefore, to utilize the 
white display portion W1 also as an optical switching 
portion, it is preferable to use transparent electrodes. 
When the optical switching device 1 0 is used as an elec- 
tronic display, the opening ratio of the display area can 

20 be increased by using transparent electrodes. 

[0058] It should be noted that the liquid crystal flow 
phenomenon is also observable In the case of horizontal 
alignment but not so remarkable as in the case of verti- 
cal alignment. Therefore, the liquid crystal alignment 

25 should preferably be one other than horizontal align- 
ment. 

[0059] When the electric field strength is increased, 
the influence of the electric field tends to increase. In 
this regard, when an electric field was applied between 

30 electrodes placed in a direction not parallel to the direc- 
tion orientation of the liquid crystal molecules, the direc- 
tion of movement of the light-control medium showed a 
tendency to depend on the strength of the electric field. 
[0060] Although in the above-described example the 

35 frequency of the offset rectangular wave is 80 Hz, the 
present invention is not particularly limited to the de- 
scribed condition. I^ovement of the black styrene balls 
16 was also observed when the frequency was in the 
range of from 1 Hz to 1 MHz. However, an excessively 

40 low frequency may have an adverse effect on the liquid 
crystal. Conversely, if the frequency is increased exces- 
sively (approximately 500 Hz or higher), the speed of 
movement of the black styrene balls 16 tends to de- 
crease gradually. 

45 [0061] The peak-to-peak voltage may be set in the 
range of from 1 V to 3000 V. However, the speed of 
movement of the light-control medium tends to de- 
crease as the peak-to-peak voltage becomes lower. It 
was possible to conf imri the movement of the light-con- 

50 trol medium at a peak-to-peak voltage of 1 0 V or less, 
for example. However, the black styrene balls 16 may 
include those which move at an exceedingly low speed 
and those which are immovable. Therefore, a peak-to- 
peak voltage of 50 V or more is supposed to be neces- 

55 sary from the practical point of view. It should be noted 
that these conditions are not limitative. 
[0062] It was confirmed that the state shown in part 
(c) of Fig. 2 was maintained in the same condition for at 
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least one month even when the device was allowed to 
stand at room temperatures after the application of the 
offset rectangular wave, and that there was no trans- 
verse movement of the black styrene balls 16 even at 
the micron level. Accordingly, the optical switching de- s 
vice 1 0 has memory properties for display (light-control 
characteristics), 

[0063] Fig. 3 shows a result of a microscopic obser- 
vation of the optical switching part of the optical switch- 
ing device 10 when an offset rectangular wave of the 
opposite polarity was applied to return the moved black 
styrene balls 16 to the previous uniformly dispersed 
state. 

[0064] Part (a) of Fig. 3 shows the state before the 
application of a minus offset rectangular wave 22, that 
is, the state shown In part (c) of Fig. 2. The voltage wave- 
form used as the minus offset rectangular wave 22 had 
a frequency of 80 Hz, The offset voltage was -50 V, and 
the peak-to-peak voltage was 100 V. 
[0065] About 5 seconds after the application of the mi- 
nus offset rectangular wave 22, the black styrene balls 
16 moved as shown In part (b) of Fig. 3 to return to the 
same black display state as that shown in part (a) of Fig. 
2. 

[0066] In the foregoing example, when the movement 
of the black styrene balls 16 is observed with a micro- 
scope, the black styrene balls 1 6 used as a light-control 
medium appear to be moving with the flow of the liquid 
ct7stal as a dispersion medium induced by the applica- 
tion of the voltage. Accordingly, the flow phenomenon 
of the liquid crystal induced by the applied electric field 
is considered to be a principal cause of the movement 
of the light-control medium. Therefore, it is deemed to 
be preferable that a liquid crystal layer 13 based on the 
vertical alignment ECB mode, In which the flow phenom- 
enon of the liquid crystal readily occurs, should be used 
as a liquid crystalline material layer, and the pretilt angle 
of the liquid crystal molecules should be set at as high 
an angle as possible in the range of from 75 degrees to 
90 degrees to provide vertical alignment. By doing so, 
the flow phenomenon Is allowed to occur remarkably. 

Example 2: 

[0067] Fig. 4 shows an optical switching device 30 ac- 
cording to an embodiment of the present Invention as 
used in the fomn of a reflection type display. A transpar- 
ent glass substrate 31 formed with a striped ITO trans- 
parent electrode 34 and a black resin substrate 32 
formed with a striped Al electrode 35 were prepared. 
Next, the surfaces of the substrates 31 and 32 were 
coated with respective side-chain polyimide films for 
vertical alignment, thereby fonming alignment layers 
(not shown). It should be noted that the alignment layers 
were not positively subjected to alignment treatment 
such as rubbing or optical alignment. 
[0068] Meanwhile, a liquid crystal material with nega- 
tive dielectric anisotropy (Ae =2.0) was prepared. 10 



wt% of polystyrene hollow balls with a particle size of 
0.5 microns (2 to 20 microns after aggregation) that had 
not been colored with a pigment or the like was added 
to the liquid crystal material as a light-control medium 
36 and uniformly dispersed therein under application of 
ultrasonic vibration. 

[0069] Next, the liquid crystal material having the 
light-control medium 36 uniformly dispersed therein as 
stated above was sandwiched between the pair of the 
substrates 31 and 32. The peripheral portions of the 
substrates 31 and 32 were firmly bonded together with 
a sealing material 37, thereby producing an optical 
switching device 30. 

[0070] It should be noted that as shown in Fig. 4, the 
electrodes 34 and 35 are anranged such that the elec- 
trode layers do not face opposite to each other in the 
direction of the line normal to each substrate, and a dis- 
tance of 500 \im is provided between the mutually op- 
posing inner ends 34e and 35e of the electrodes 34 and 
35 so that a non-electrode region A where no electrode 
layer is formed is provided between the two electrodes 
34 and 35. 

[0071] The sealing material 37 contains spacers 37a 
having an outer diameter of 25 ^m to control the thick- 
ness of the liquid crystal layer 33 to 25 ^m. 
[0072] In the optical switching device 30 produced as 
stated above, the pretilt angle of the liquid crystal mol- 
ecules in the liquid crystal layer 33 was controlled to 90 
degrees by the vertical alignment layers provided on the 
substrates 31 and 32. The thickness of the liquid crystal 
layer 33 was 25 microns. The thickness deviation of the 
liquid crystal layer 33 was about 5 microns. However, 
the variation In reftectance was less than 1%. 
[0073] When the same plus offset rectangular wave 
as that used in Example 1 was applied to the optical 
switching device 30, the liquid crystal molecules and the 
light-control medium 36 in the liquid crystal layer 33 ex- 
hibited the same behavior as that in Example 1 . The 
"black" and "white" display state was exactly reverse to 
that shown in Fig. 2. The behavior of the light-control 
medium 36 with respect to the applied voltage was sub- 
stantially the same as in Example 1 . When a minus off- 
set rectangular wave, which was opposite in polarity to 
the plus offset rectangular wave, was applied to the op- 
tical switching device 30, the light-control medium 36 al- 
so exhibited the same behavior as in Example 1 . The 
light-control medium 36 moved between the electrodes 
according to the polarity of the applied electric field. 
[0074] In the optical switching device 30 of this exam- 
ple, the black resin substrate 32 is used as a back sub- 
strate, and the light-control medium 36 is a white mate- 
rial. Accordingly, when ambient light 40 enters the opti- 
cal switching device 30, light impinging on the light-con- 
trol medium 36 returns toward the observer in the form 
of reflected light 42 and is observed as white display. 
Light 41 entering a region where no light-control medium 
is present is absorbed by the black substrate 32 and Is 
observed as black display. 
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[0075] Accordingly, the optical switching device in Ex- 
ample 2 functions as a reflection type display, whereas 
the optical switching device In Example 1 functions as 
a transmission type display. 

[0076] Fig. 5 Is a graph showing the results of meas- s 
urement of the reflection characteristics of the optical 
switching device 30 produced as stated above. The 
measurement was carried out by using LCD-5000 (man- 
ufactured by Otsuka Electronics Co., Ltd.). A 30** spot 
beam was made incident on a display portion near the 
electrode, and the reflectance was measured from the 
normal direction by nan'owing down the spot to 200 ^im 
In diameter. The reflectance of a standard white plate 
was measured under the same measuring conditions, 
and the result of the measurement was assumed to be 
100%. By using the measurement result as the refer- 
ence, an evaluation was carried out. The measurement 
was made at two different places. In Fig. 5, the result of 
the first measurement is shown as "Isf (white circles), 
and the result of the second measurement as "2nd" 
(black circles). 

[0077] In the first and second measurements, an off- 
set rectangular wave with a frequency of 80 Hz, an offset 
voltage of 50 V and a peak-to-peak voltage of 1 00 V was 
applied as in the case of Example 1 . The polarity of the 
offset rectangular wave was changed at the timing 
shown by the arrow In the graph for each measurement, 
and the change of reflectance with time was measured. 
The solid lines show the results of measurement of re- 
flectance. The broken lines show the results of calcula- 
tion of the contrast of the optical switching device in the 
first and second measurements. It should be noted that 
the contrast was obtained from the change in reflect- 
ance with respect to the reflectance/time (voltage) dur- 
ing OFF ("bright" display). 

[0078] As will be clear from the graph, the reflectance 
seems to be substantially saturated 1 .5 to 2.0 seconds 
after the voltage "ON" timing. However, It will be under- 
stood that the reflectance still changes thereafter, al- 
though the change is slight, and the contrast Improves 
with the passage of time. 

[0079] The light-control medium 36 consisting essen- 
tially of white styrene ball fine particles (particle size: 0.5 
|im) takes more than 8 seconds to completely disappear 
(move) from the range of a spot of 200 |j.m in diameter. 
However, this can be Improved by optimization of the 
structure, material, liquid crystal alignment conditions, 
etc. 

[0080] Fig. 6 is a graph showing the relationship be- 
tween the reflectance and viewing angle of the optical 
switching device shown In Fig. 4. Measuring conditions 
were the same as in the measurement method de- 
scribed in connection with Fig. 5 except that the meas- 
uring direction was changed from the normal direction 
(0*) to 50* (extreme angle). It will be understood from 
the graph that the reflectance of the white display shows 
substantially no change even when the viewing angle Is 
changed. Therefore, the white display is very bright re- 



gardless of the viewing angle as In the case of paper. 
The reflectance of the black display also shows substan- 
tially no change with changes In the viewing angle. 
Therefore, the black display is very dark regardless of 
the viewing angle. It should be noted that the reflectance 
of commercially available copying paper of fine quality 
was measured as the reference by using the same 
measuring system. The measured reflectance was 
about 65%. 

[0081] In comparison between a region where an ITO 
electrode is present and a region where no ITO elec- 
trode is present, i.e. the non-electrode region A, the 
black display in the ITO electrode region appears to be 
raised above the non-electrode region A. Therefore, the 
relationship between the contrast and viewing angle of 
the optical switching device was also examined. The re- 
sults of the comparison are shown in Fig. 7. 
[0082] As will be understood from Fig. 7, the display 
in the non-electrode region A exhibits extremely excel- 
lent characteristics, i.e. a contrast of more than 30, over 
the entire viewing angle range of from 0* to 50**. The 
display in the ITO electrode region also exhibits excel- 
lent characteristics, I.e. a contrast of more than about 
10, over the entire viewing angle range, although it Is 
inferior to the display in the non-electrode region A. It 
should be noted that the contrast of paper obtained from 
the result of measurement made on the paper printed 
solid black for reference was of the order of 13. These 
numerical values suggest that the optical switching de- 
vice according to the present invention as used as a re- 
flection type electronic display can serve as a display 
device having contrast-viewing angle characteristics 
equivalent or superlorto those of paper. In the reflection 
type display according to the present invention, most of 
display portions need not install an ITO transparent 
electrode. Therefore, it is possible to make full use of 
the excellent display characteristics of the non-elec- 
trode region A. 

[0083] In the foregoing embodiments, white or black 
styrene fine particles are used. However, It will be ap- 
parent that fine particles colored (shaded) In other colors 
are also usable. It is also possible to use fine particles 
subjected to surface treatment (with a surface-active 
agent or the tike), which will not disorder the liquid crystal 
alignment, so that leakage of light Is further reduced. In 
such cases, It is possible to obtain an optical switching 
device capable of causing desired changes in color or 
a unifonn optical switching device free from leakage of 
light. 

[0084] Further, although a substrate fomned by using 
a resin material having light-absorbing characteristics is 
used as the back substrate 32, It Is also possible to use 
a glass substrate with a light-absorbing coating film 
fomned on the inner or back surface thereof. Alternative- 
ly, a black light-scattering plate may be installed behind 
a glass substrate. The arrangement may also be such 
that the light-control medium 36 is replaced with a black 
or other light-absorbing material, and the black resin 
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substrate 32 is replaced with a substrate having high 
reflectance characteristics, e.g. a white substrate. 
[0085] It is also possible to form active elements such 
as TFT (Thin-Film Transistors). Although in the forego- 
ing embodiments the electrodes are fomned on the two 
substrates by patterning, the two electrodes may be pro- 
vided on one substrate. For example, it is possible to 
use a structure in which TFT electrodes and a common 
electrode are formed on the same substrate, such as 
that employed for a TFT array substrate for an IPS-LCD 
(In-Plane Switching Liquid Crystal Display). 
[0086] Although various technically preferred limita- 
tions are added to the foregoing embodiments because 
these are preferred specific examples of the present in- 
vention, It should be noted that the present invention is 
not limited by the described embodiments. For example, 
the offset wave applied to the optical switching device 
is not necessarily limited to the rectangular wave but 
may be a triangular wave, a sine wave, etc. 
[0087] Further, the medium for movement of the light- 
control medium is not necessarily limited to a liquid crys- 
tal material with negative dielectric anisotropy. it is also 
possible to use a liquid crystal with positive dielectric 
anisotropy and to control the liquid crystal to a horizontal 
alignment state or an oblique alignment state. Other liq- 
uid crystalline materials are also usable. 
[0088] As has been stated above, the present inven- 
tion is arranged to carry out "brightTdark" light control 
according to whether the light-control medium Is present 
or not, i.e. according to whether the distribution density 
of the light-control medium is high or low. Therefore, It 
is possible to provide a non-luminescent optical switch- 
ing device with a minimum loss of external light. Accord- 
ingly, it is possible to perform bright optical switching su- 
perior in contrast without using a polarizing plate. When 
the optical switching device is used in an electronic dis- 
play or the like, it is possible to obtain a display system 
equivalent in contrast to a display printed on paper. 
[0089] The optical switching device can be used in the 
reflection mode by setting light-absorbing or reflection 
characteristics of the back substrate and the light-con- 
trol medium in opposite relation to the transmission 
mode. Thus, it is possible to provide a bright reflection 
type optical switching device further superior in contrast 
and exhibiting high reflectance characteristics and 
hence capable of minimizing the loss of incident light. 
[0090] It should be noted that the present invention is 
not necessarily limited to the foregoing embodiments 
but can be modified in a variety of ways without depart- 
ing from the gist of the present invention. 



Claims 

1 . An optical switching device comprising: 

two substrates placed parallel to each other, 
said substrates having at least a pair of elec- 



trodes on mutually opposing inner surfaces 
thereof or on one of said inner surfaces; and 
a liquid crystalline material layer sealed be- 
tween said substrates, said liquid crystalline 
5 material layer containing an insoluble light-con- 

trol medium having an outer diameter smaller 
than a thickness of said liquid crystalline mate- 
rial layer; 

wherein when an electric field is applied be- 
10 tween said electrodes, said light-control medi- 

um moves to form a region in which said light- 
control medium is densely dispersed and a re- 
gion in which said light-control medium is 
sparsely dispersed, thereby producing a trans- 
IS mittance difference to effect light control. 

2. An optical switching device according to claim 1 , 
wherein said liquid crystalline material layer is a liq- 
uid crystal layer fonned by dispersing less than 50 

20 wt% of a light-control medium In a liquid crystal ma- 
terial. 

3. An optical switching device according to claim 2, 
wherein said liquid crystal material has negative di- 

25 electric anisotropy, and molecules of said liquid 
crystal material are aligned perpendicular to the in- 
ner surfaces of said substrates. 

4. An optical switching device according to any one of 
30 claims 1 to 3, wherein said two substrates are light- 
transmitting substrates, and said light-control medi- 
um Is light-blocking fine particles. 

5. An optical switching device according to any one of 
35 claims 1 to 3, wherein one of said two substrates is 

a light-transmitting substrate, and the other of said 
two substrates is a non-light transmitting substrate, 
wherein said light-control medium is fine par- 
ticles different in color from said non-light transmit- 
40 ting substrate. 

6. An optical switching device according to any one of 
claims 2 to 5, wherein said light-control medium 
moves in said liquid crystalline material layer with 

45 movement of said liquid crystal material induced by 
application of an electric field with a frequency of 
not higher than 500 Hz to said liquid crystalline ma- 
terial layer. 

50 7. A method of producing an optical switching device 

including two substrates placed parallel to each oth- 
er, said substrates having at least a pair of elec- 
trodes on mutually opposing Inner surfaces thereof 
or on one of said inner surfaces, and a liquid crys- 
55 talline material layer sealed between said sub- 
strates, said liquid crystalline material layer contain- 
ing an insoluble light-control medium, said method 
comprising the steps of: 
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preparing a pair of substrates having eiectrode 
iayers each formed in a pattern of predeter- 
mined configuration: 

dispersing a light-control medium having a pre- 
determined outer diameter in a liquid crystalline s 

material; and 

sandwiching said liquid crystalline material 
containing said light-control medium between 
said pair of substrates having said electrode 
layers and sealing peripheries of said sub- io 
strates to seal in said liquid crystalline material. 

A method of producing an optical switching device 
according to claim 7, wherein said step of dispers- 
ing a light-control medium having a predetermined 
outer diameter In a liquid crystalline material in- 
cludes the step of mixing the light-control medium 
into the liquid crystalline material and then dispers- 
ing said light-control medium under application of 
ultrasonic waves. 20 
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